To determine if ventricular zone (VZ) and subventricular zone (SVZ) alterations are associated with intraventricular hemorrhage (IVH) and posthemorrhagic hydrocephalus, we compared postmortem frontal and subcortical brain samples from 12 infants with IVH and 3 nonneurological disease controls without hemorrhages or ventriculomegaly. Birth and expiration estimated gestational ages were 23.0-39.1 and 23.7-44.1 weeks, respectively; survival ranges were 0-42 days (median, 2.0 days). Routine histology and immunohistochemistry for neural stem cells (NSCs), neural progenitors (NPs), multiciliated ependymal cells (ECs), astrocytes (AS), and cell adhesion molecules were performed. Controls exhibited monociliated NSCs and multiciliated ECs lining the ventricles, abundant NPs in the SVZ, and medial vs. lateral wall differences with a complex mosaic organization in the latter. In IVH cases, normal VZ/SVZ areas were mixed with foci of NSC and EC loss, eruption of cells into the ventricle, cytoplasmic transposition of N-cadherin, subependymal rosettes, and periventricular heterotopia. Mature AS populated areas believed to be sites of VZ disruption. The cytopathology and extension of the VZ disruption correlated with developmental age but not with brain hemorrhage grade or location. These results corroborate similar findings in congenital hydrocephalus in animals and humans and indicate that VZ disruption occurs consistently in premature neonates with IVH.
INTRODUCTION
Intraventricular hemorrhage (IVH) is the most common neurological complication of preterm birth (1) (2) (3) and up to 50% of IVH patients develop posthemorrhagic hydrocephalus (PHH) (4) (5) (6) (7) (8) (9) . The risk of developing PHH is higher in more severe grades of IVH (grades 3 and 4), the frequency of IVH admissions is increasing, and hospital length of stay and average cost per patient has been trending upward since 2000 (10, 11) . Long-term treatment usually consists of surgical diversion by catheter shunting of cerebrospinal fluid (CSF) from the cerebral ventricles to alternative absorption sites or endoscopic third ventriculostomy with or without choroid plexus cauterization. Nevertheless, even after surgical treatments that reduce intracranial pressure and ventriculomegaly to varying degrees, PHH is still associated with debilitating neurological sequelae and a 3-to 4-fold increase in cognitive and psychomotor disabilities (4, 12) . Attentional and academic deficits exist even in school-age children born preterm with apparent arrested hydrocephalus (13) . Consequently, IVH and PHH are important neurological conditions with significant neurological impairments and suboptimal clinical treatments.
In spite of the prevalence and poor outcome of PHH, the pathogenesis of this disorder is poorly understood (14, 15) . The traditional perspective often focuses on the blockage of CSF flow and absorption pathways by blood and blood products (16, 17) , leaving the pathophysiology to include only the secondary effects of ventriculomegaly and raised intracranial pressure. Recently, however, evidence from both experimental (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) and clinical (18, (28) (29) (30) (31) (32) studies of congenital hydrocephalus, including fetal and perinatal models of ciliopathies , indicates that there may be other mechanisms that contribute to the development of PHH, including the loss of multiciliated ependyma (18) . A series of studies on hyh (hydrocephalus with hop gait) mice, which develop aqueduct stenosis during the perinatal period, have supported the concept of a genetic defect in the cell junction complexes of the cells forming the ventricular zone (VZ) (20, (37) (38) (39) (40) (41) . Following nomenclature used in Bystron et al (42) , namely, the multipotent radial glia/stem cells, hereafter called neural stem cells (NSCs), present in early and mid-developmental stages; ependymal cells (ECs) occur in the perinatal period. The genetic defect results in the disassembling and loss of these cells. This phenomenon was first described as ependymal denudation (39) and later designated as VZ disruption. In addition, recent studies of CSF proteins by Limbrick et al suggest that alterations in cell adhesion molecules such as L1-cell adhesion molecule, brevican, and neural cell adhesion molecule-1 occur in perinatal human hydrocephalus (43, 44) .
Several studies have demonstrated that VZ disruption, loss of NSCs into the CSF, exposure of neural progenitor (NP) cells of the subventricular zone (SVZ), abnormal migration of neuroblasts and periventricular heterotopia (PH) occur in fetuses with hydrocephalus and spina bifida (18, 27, 32, 37, 45) . Krueger et al (46) reported the presence of NP cells in the CSF of preterm infants with PHH, which strongly supports the possibility that in these patients there is a disruption of the VZ. A few studies have examined the VZ in humans following IVH (16) . Fukumizu et al (47, 48) described EC loss and subependymal rosette formation in children with fetal and neonatal PHH but their observations were restricted to the cerebral aqueduct and fourth ventricle. The present investigation was aimed to test the hypothesis that VZ disruption and its outcomes, that is, loss of NSCs and ependyma denudation, occur in the telencephalon of infants with IVH of prematurity.
MATERIALS AND METHODS

Subjects and Specimens
Autopsy specimens from preterm infants diagnosed with IVH were obtained from the St Louis Children's Hospital (SLCH) at the Washington University School of Medicine, St Louis, MO (n ¼ 10), the University Medical Center Groningen, University of Groningen, Groningen, Netherlands (n ¼ 1), and the Regional Clinical University Hospital of Malaga, Malaga, Spain (n ¼ 2). Control cases (n ¼ 3), defined as preterm infants with no intracerebral hemorrhage or ventriculomegaly who expired from nonneurological causes, were obtained from SLCH. Twelve control human fetuses ranging in age between 16 and 40 gestational weeks (GW), studied in a previous investigation (18) , were also considered to reinforce the present investigation. The ages of all patients were estimated from the time of expected fertilization and recorded as estimated gestational age (EGA). Routine clinical and diagnostic observations were available from the hospital records. The human subjects research committees of the respective institutions waived or approved all procedures.
Neuroimaging
Patients at SLCH (but not Groningen and Malaga) had undergone routine head ultrasound (US) examinations to screen for IVH and identify IVH grades following the classification of Papile et al (49) and the descriptions of Volpe et al (49, 50) . Briefly, these classifications were based on the following features: Grade 1 (IVH-1), parenchymal/subependymal hemorrhage with <10% involvement of the ventricle; Grade 2 (IVH-2), IVH involving 10%-50% of the ventricles but with no ventriculomegaly; Grade 3 (IVH-3), IVH involving >50% of the ventricles with ventriculomegaly; and Grade 4 (IVH-4), ventricular and parenchymal hemorrhage (hemorrhagic infarction) with ventriculomegaly. Frontal-occipital horn ratios were obtained from US images to quantify ventricular sizes following published methods (51). 
Tissue Processing and Immunohistochemistry
Brain specimens were dissected from regions of the frontal cortex containing the frontal horn of the lateral ventricle (LV) and adjacent cortical and subcortical areas, including the ganglionic eminence (GE). Following fixation in 10% formaldehyde in phosphate buffer or Bouin's solution (as soon as possible following patient death), these specimens were embedded in paraffin and sectioned serially at 15 mm using routine methods. Sections were stained with hematoxylin and eosin (H&E) to visualize cytoarchitecture and confirm the location of the VZ and SVZ. Adjacent sections were processed for double immunofluorescence using antibodies to the following in pairs: 1) bIII-tubulin (1:750, mouse monoclonal Sigma, St Louis, MO); 2) bIV-tubulin (1:50, mouse monoclonal, Abcam, Cambridge, UK); 3) glial fibrillary acidic protein ([GFAP], 1:750, rabbit polyclonal, Sigma); 4) N-cadherin (1:50, rabbit monoclonal, Santa Cruz Biotechnology, Inc., Dallas, TX); and 5) aquaporin-4 (1:750, rabbit polyclonal, Abnova, Heidelberg, Germany). Appropriate secondary antibodies conjugated with Alexa Fluor 488 or 594 (1:500; Invitrogen, Carlsbad, CA) were used. Antibodies were diluted in a buffer containing 0.1 mol/L Tris buffer, pH 7.8, 0.7% nongelling seaweed gelatin, lambda carrageenan, and 0.5% Triton X-100 (Sigma). Incubation was carried out for 18 hours at room temperature. Omission of the primary antibody during incubation provided the control for the immunoreactions.
Light Microscopy
Sections were studied under epifluorescence using the multidimensional acquisition software AxioVision Rel (version 4.6) of Zeiss (Aalen, Germany) or by confocal Because the developmental progression of ependymal and progenitor cells in the VZ is dynamic, a classification of cell types was devised based on the literature (42, 52-7) and our personal observations of the specimens. Cell types were identified within the VZ (immediately adjacent to the ventricle), which are believed to follow a developmental progression from least-to most-differentiated (Table 1 
RESULTS
Human Cases
This study was conducted on 17 patients summarized in Table 2 . Controls (Cases 1-3) were patients with no IVH or ventriculomegaly who expired acutely from nonneurological causes. Twelve control human fetuses 16 and 40 EGA from a previous investigation (18) gave further support to this study. IVH was clearly demonstrated at one or more time points in 13 cases; of these, 3 were classified as IVH-1 (Cases 4-6). Cases 5 and 6 were initially diagnosed with IVH-1 but 33 and 45 days later, respectively, were judged by US to have no IVH or ventriculomegaly; nevertheless, because IVH had occurred at some time during gestation these cases were included in the IVH-1 group. One case exhibited IVH-1 or IVH-2 (Case 7) and one clearly had IVH-2 (Case 8). One case had IVH-3 (Case 9). Nine cases exhibited IVH-4 (Cases 10-16). Case 15 was graded as IVH-3 and IVH-4 from the left and right LVs, respectively; nevertheless, since IVH-4 occurred in at least a portion of the ventricles this case was included in the IVH-4 group. Case 17 had a subarachnoid hemorrhage (SAH) at birth (39 1/7 EGA), but the skull, anterior fontanelle, cortical convolutions and spinal cord were all unaffected; and no hemorrhage was reported in the cerebral ventricles.
Birth (as determined by the EGA) of the 3 controls was at $23-24 weeks and survival was 0-8 days (median, 0). Combining the IVH-1 and IVH-2 cases, birth occurred either relatively early preterm at $23-28 EGA weeks in 3 cases (Cases 4, 7, and 8) or late preterm at $35 or 38 EGA weeks in 2 cases (Cases 5 and 6). These "early" and "late" groups survived 1-12 days (median, 2.0 days) and 33-42 days (median, 37.5 days), respectively. Combining the IVH-3 and 4 cases, birth occurred relatively early at $23-30 EGA weeks (median 26 weeks) and survival was 0-19 days (median, 1.5 days).
As in clinical care, the exact time of the hemorrhagic episode cannot be precisely determined. To estimate the approximate time elapsed between hemorrhage and death, we considered the date of birth, date of the US, and the date of death. For each case, a range of time for the hemorrhageto-death period was estimated, where the US-to-death period was the shortest and the birth-to-death period was the longest. This estimate was also influenced by the fact that 90% of IVH incidents occur within 72 hours after birth, with half of them occurring in the first 24 hours (58, 59) .
It should be noted that often the cause of death (Table 2 ) was related to systemic failure, for example, cardiac abnormalities or failure, or pulmonary complications (hemorrhage, respiratory failure, hyaline membrane disease).
Neuroimaging
Cases 1-13 and 15 received an US diagnosis during the first week after birth to grade IVH and assess the morphological appearance of the brain (Table 2) . Cases 14 and 16 were judged to be IVH-4 based on the neuropathology evaluation. Figure 1 illustrates the representative US appearance of control brains (Fig. 1A, B) and the changes that occur with different grades of IVH. IVH-1 and IVH-2 brains exhibited no or minimal ventriculomegaly, with the hemorrhage contained within the lateral wall (LW) of the frontal horns of the LV, usually involving the GE (Fig. 1C, D) . Large hemorrhages always occupied the ventrolateral walls of the LVs and blood usually filled the frontal horns in IVH-4 cases (Fig. 1E-H ).
VZ and SVZ Cytology in Control Brains and Nonaffected Regions of IVH Brains
The normal cell organization and the cell lineages forming the VZ and the internal subventricular zone (iSVZ) and outer (oSVZ) SVZs (Fig. 3B' ) of the telencephalon exhibited large variations throughout development and along distinct regions of the MW, LW and dorsal walls (DWs) of the LVs (Fig. 2B) . The control cases with EGAs between 23 and 25 GW exhibited normal VZ and SVZ morphology, as previously described (18, 60) . Three cell types, all considered to be NSCs and ECs in different stages of maturation (Table 1) , FIGURE 2 . Continued bIII-tubulin-positive neural precursor cells (G, G'). In the medial ventricular wall the VZ is formed by a mixed population of GFAPpositive (F, F', type 1) and AQP4-positive (H, H') NSCs and bIV-tubulin-positive multiciliated cells (F, F', type 2,); the slender SVZ contains a few bIII-tubulin-positive neural precursor cells (H, H'). A thick network of AS underlies the SVZ (F, H, asterisk). Scale bars: A, B, 300 mm; C, D, 50 mm, E-H, 100 mm; E'-H', 25 mm. were found in the VZ of the control cases and in the nonaffected regions of the ventricular walls of 23-27 GW IVH cases ( Fig. 2 ): Type 1 cells had a long radial process expressing AQP4 in the plasma membrane domain and GFAP throughout the cytoplasm and projected a single cilium. Type 2 cells were similar to type 1 cells but they expressed both GFAP and bIVtubulin in their cytoplasm. Type 3 cells exhibited a basal process and expressed bIV-tubulin throughout the cytoplasm but not GFAP (Figs. 2E-H', 7G; Supplementary Data Fig. S2F ).
In 23-25 GW preterm infants, the VZ of the medial wall (MW) was formed by intermingled populations of cell types 1-3 (Fig. 2B, D, F' , and H'). The iSVZ was occupied by bIIItubulin-positive NP cells clustered in between the basal processes of the NSCs (Fig. 2H, H'; Supplementary Data Fig.  S2A-D) . The oSVZ was a loose layer of bIII-tubulin-positive cells intermingled with radial glial-type cells expressing AQP4 in the plasma membrane domain and GFAP in the cytoplasm (Supplementary Data Fig. S1A-D) . In the LW, the VZ was exclusively formed by type 1 cells (NSC) (Figs. 1E, E' , G, and G'). The density of bIII-tubulin-positive NP cells in the iSVZ was similar to that on the MW but the extent of the oSVZ was much larger than that of the MW (Supplementary Data Fig. S1A, B ).
VZ and SVZ Cytology in IVH Cases
In all cases of IVH, irrespective of the grade and location of hemorrhage, intermittent portions of the VZ exhibited disruption. In the sections of frontal horn examined, the cytopathology and extent of VZ disruption appeared to be associated with developmental age and not to the degree or location of the brain hemorrhage. In all cases, the disruption affected circumscribed regions of the ventricular walls, with the nonaffected regions displaying a similar cell organization as was seen in the controls. In most cases, the VZ pathology occurred in the LW of the ventricles. For descriptive purposes, the IVH cases will be separated into three developmental groups based on the EGA at birth (in GW), rounded to the nearest full week for simplicity.
23-27 GW IVH: Cases 4 (IVH-1), 8 (IVH-2), 10 (IVH-4), 11 (IVH-4), 15 and 16 (IVH-4)
Most of the VZ/iSVZ of the medial and LWs of the LVs were not affected (Figs. 3D, E, and 4D ). At these developmental ages, the cell organization of the lateral and MWs was identical to that of the 23-24 GW control cases.
The VZ of the lateral and DWs was exclusively formed by type 1 cells ( Fig. 3B-D; Supplementary Data Fig. 1E, F) . The iSVZ was formed by bIII-tubulin-positive NP cells densely packed between the long radial processes of the NSCs (Fig. 3B, B', D; Supplementary Data Fig. S1B, E, F) . The oSVZ was an extended layer of loosely arranged bIII-tubulinpositive cells intermingled with NSCs expressing AQP4 and GFAP (Fig. 3B'; Supplementary Data Fig. S1A, B) . The VZ of the MW was formed by a mixed population of cell types 1-5 ( Supplementary Data Fig. S1I ). The SVZ was formed by a layer of densely packed bIII-tubulin-positive NP cells ( Fig. 3E; Supplementary Data Fig. S1B-D) .
There were distinct alterations in the cell organization of the VZ/iSVZ in the affected areas. 28-32 GW IVH Cases: Cases 7 (IVH-1/2), 9 (IVH-3), [12] [13] [14] In nonaffected regions at these gestational ages, the cell organization of the medial and LWs of the ventricle changed in comparison to the younger preterm infants. In Case 7 (28 GW; Supplementary Data Figs. S2, S3 ), the VZ of the MW was formed by GFAP-positive cells with a short basal process and no cilia (type 4), GFAP-positive cells with a short basal process and bIV-tubulin-positive cilia (type 5), GFAPnegative cells with a short basal process and bIV-tubulin-positive cilia (type 6) and GFAP-negative, bIV-tubulin-nonciliated cells (Figs. 6B-B'', 7H, H'; Supplementary Data Fig. 2C, C' ) whereas the VZ of the LW was mostly formed by a mixed population of type 1-5 cells (Supplementary Data Fig. S2F ). In case 14, the MW was mostly formed by type 6 cells and the LW by a mixed population of types 4-6 cells (Fig. 6B-B'' ). None of the 6 cell types expressed bIII-tubulin (Figs. 3D, E,  4D, 7A, A') . Alterations 1-4 described for the younger group of IVH cases (see above) were also found in the affected regions of the 28-32 GW IVH cases; however, in these older cases the frequency and size of the disruption foci were increased ( Fig. 6; Supplementary Data Figs. S2A, B, D-F, S3A, SA' ). The width of the disruption areas ranged between 30 mm to 500 mm. Cell types 1-5 were found at the disruption border, indicating that all of them were affected by the disruption (Supplementary Data Figs. S2E, F, S3A', C) . At the disruption front there were type 1 cells that had AQP4 in the cytoplasm, in addition to the plasma membrane domain, suggesting that they might correspond to radial glial-type cells differentiating into AS (Supplementary Data Fig. S3B, B' ). The existence in the same discrete region of multipolar GFAP-positive cells, with one of the processes reaching the ventricle, and the presence in the disrupted area proper of loosely arranged multipolar AS, also points to the possibility that AS re-populating the disrupted VZ originate locally (Supplementary Data  Fig. S3C ).
In one of the cases (Case 9, 31 GW, IVH-3, with bilateral IVHs), the disruption pathology was especially severe (Supplementary Data Fig. S4) , with a large surface of the lateral and MWs of the frontal horn denuded ( Supplementary  Data Fig. S4A ). In other regions of the LVs, the MW had a normal appearance, with the VZ formed by cell types 1-6 (Supplementary Data Fig. S4D, F) . In sharp contrast, the opposite LW was completely disrupted, with radial glial-type cells and NP cells forming a "peninsula" of tissue protruding into the ventricle and covering portions of intact VZ and SVZ (Supplementary Data Fig. 4B-H ).
35-39 GW IVH and SAH Cases: Cases 5 and 6 (IVH-1) and Case 17 (SAH)
In nonaffected regions there were mature multiciliated ependyma (type 7) and a few scattered NSC (type 1) comprising the entire VZ of the ventricular walls. In the LW, the iSVZ contained a thin layer of NP cells (Supplementary Data Fig.  S5B-B'' ).
In the affected regions, most of the MW was denuded, with a few islands of ependyma resisting disruption (Supplementary Data Fig. S5A, C-C'' ). At variance, most of the LW was lined by ependyma with only small foci of VZ disruption. The denuded regions were occupied by a thick layer of densely packed AS (Supplementary Data Fig. S5A , inset, C, C''). Close to the denuded areas there were ependymal rosettes formed by bIV-tubulin-positive cells joined together by N-cadherin-based junctions (Supplementary Data Fig. S5E, F,  F' ). Numerous PH, ranging in diameter between 75 and 150 mm, were observed at $1.5-2 mm distance from the ventricular wall (Supplementary Data Fig. S5A) ; these heterotopia were closely associated with large blood vessels and were formed by densely packed bIII-tubulin-positive spherical cells $10 mm in diameter (likely corresponding to neuroblasts), surrounded by a distinct nest of AS ( Fig. 7J; Supplementary Data  Fig. S5D, D' ).
N-Cadherin-Based Junctions: Case 14 (IVH-4) and Case 17 (SAH)
Because our previous observations had noted alterations in junction complexes (18, 22) , immunohistochemistry for Ncadherin was performed. Two cases are illustrated: one represents IVH-4 (Case 14, Fig. 6 ) and another with only a SAH (Case 16, Supplementary Data Fig. S5 ). In the nonaffected regions of the ventricular walls, the VZ cells displayed N-cadherin as small patches located on the lateral plasma membrane (Fig. 6C-D' ). In contrast, cells at the border of the disrupted areas expressed N-cadherin as masses located in the cytoplasm (Fig. 6D, D' ). ECs resisting denudation displayed a normal pattern of N-cadherin expression (Supplementary Data  Fig. S5C') .
DISCUSSION
We have demonstrated that VZ disruption occurs consistently in infants with IVH. The timetable of normal neurogenesis, ependymogenesis, and astrogliogenesis in the developing human brain (Fig. 7J) provides the basis to suggest strongly that developmental sequelae depend on the timing of IVH and the extension of the VZ disruption (61-6). Seven cell types, which correspond to the differentiation of NSCs (our types 1-3) into multiciliated ependyma (type 4-7), were identified in the VZ IVH cases, and considerable amounts of normal VZ but multiple sites of altered VZ were prevalent. The disrupted regions were characterized by loss (denudation) of ciliated NSC and multiciliated ECs, absence of normal radial processes, eruption of cells into the ventricle, and PH and rosettes. GFAP-positive cells with cytological features of mature AS populated areas that could have been sites of VZ disruption. Regional differences occurred in both control and IVH cases such that the MW of the LV appeared to differentiate into multiciliated ependyma earlier than the lateral and DWs. 
Limitations
This study is limited by the relatively small number of cases due to our strict selection of cases of infants diagnosed with IVH. In particular, the lack of age-matched control specimens for the 2 older age groups opens the possibility that other causes may contribute to VZ disruption, such as systemic inflammation or acute events like cardiac arrest. Our samples included only the frontal horn of the LV, and other parts of the ventricular system may or may not have exhibited hemorrhage and/or VZ disruption. Fixation and processing of the samples is also a limitation because formaldehyde and Bouin's fixative may have effects on the accessibility of antibodies to their epitopes, which could produce immunostaining variations in cell bodies and cilia. Clinically, the actual time of the hemorrhagic episode is always difficult to establish; thus, we estimated the approximate time interval between IVH and death in these cases by considering the dates of birth, US diagnosis of IVH, and death. Our ongoing studies should help fill in all of these gaps.
Regional Variations in the Walls of the LVs
Our results indicate that in human preterm infants there are early differences between the medial and the LWs-DWs of the LVs. These differences are similar to those seen in the developing rat brain where during the last few days of fetal life the medial ventricular wall is already lined by multiciliated ependyma while the LWs and DWs contain NSCs (18) . In mice, this heterogeneity persists well into adulthood (67). Our observations corroborate those of Sarnat (55, 56) and indicate that mature ECs are present in the MW by 23 GW and appear later in the LWs and DWs. This may suggest that in early stages of VZ development, the MW is primarily involved in CSF hydrodynamics (68) (69) (70) and guiding neuronal migration (65), while the LW-DWs still possess a neurogenetic function. The fact that in more mature fetuses the denuded ventricular areas are much larger indicates that several disruption foci grow to form extended denuded areas.
Evolving Cell Types of the VZ: Evidence for an Ependymogenesis Program
According to Rakic, the proliferative zone of the human telencephalon contains complex progenitor cell groups that change phenotype during the course of development (66) . In very young embryos (5-6 GW), the VZ contains a mixed population of cells; most of them express only stem cell markers such as GFAP and glutamate astrocyte transporter (71), while others also express neuronal markers (bIII-tubulin, microtubule-associated protein-2) indicating their pluripotent capacity (72) . Later in development (10-22 GW), vimentinpositive and GFAP-positive cells displaying a long basal process persist. Proliferation of GFAP-positive cells of the VZ occurs until 23 GW, coinciding with the formation of the ependyma (72) . According to Gould et al (73) , in early pregnancy the VZ is formed by GFAP-positive NSCs, whereas in late pregnancy the VZ is formed by GFAP-positive ECs with short basal processes. Sarnat (55-7) has also followed in human fetuses the temporal and spatial differentiation of cells lining the fetal ventricular system. In these studies, he has regarded all cells lining the fetal ventricular system as ependymal. Using this criterion, he concluded that the expression of GFAP and vimentin in fetal ECs follows a precise regional and temporal distribution (55, 56) . Sarnat (57) also made no distinction between NSCs, differentiating ECs and mature multiciliated ependyma. He found that GFAP was coexpressed with vimentin in most fetal ECs, but at birth only scattered ECs still expressed GFAP and it disappeared entirely within the first few weeks of postnatal life. The disappearance of GFAP in ECs has been challenged recently by Haemmerle et al (67) , who report that GFAP-positive AS with a single cilium comprise up to 37% of the ependymal lining in adult rats; these cells, termed B1 cells, are not considered to be radial glia but they appear to be responsible for producing NSCs in adults.
In spite of these reports, the true process of ependymogenesis in the human remains largely unknown, primarily because of limitations in obtaining samples of the ventricular walls from selected regions and specific gestational ages. Our classification of 7 cell types within the VZ, based on immunoreactivity to GFAP, AQP4, bIV-, and bIII-tubulin, as well as the appearance of a basal (radial) process and single or multiple cilia, was designed to help clarify the differentiation of ECs. In general, our Type 1, 2 and 3 cells (which exhibit a long basal process, a single cilium, and expression of GFAP throughout the cytoplasm and AQP4 in the plasma membrane) seem to correspond to early-forming, noncommitted proliferating NSCs or radial glia described by others (52-4, 56, 57, 60) . In our specimens, these cells were the main cell type in the VZ of the youngest fetuses studied. We suggest that our cell types 4-6 reflect progressive stages of EC maturation, based primarily on an absent or shortened basal process, the co-expression of bIV-tubulin and GFAP, the expression of bIV-tubulin but not GFAP, and the presence of multiple cilia. These cells may evolve into the mature multiciliated, bIVtubulin-positive, ECs present during the last trimester of fetal life; with persistent expression of GFAP and elaboration of a single cilium, some of these cells may correspond to the B1 AS thought to produce NPs in adulthood (67) . Further studies are required to determine if the different VZ cell types differentiate from a common epithelial cell precursor and how their phenotype is linked genetically to specific signaling pathways.
Novel Contributors to the Pathogenesis of IVH and PHH
Although the pathogenesis of IVH is usually attributed to the intrinsic fragility of the germinal matrix vasculature and impairments of CSF flow and absorption as part of the processes leading to hydrocephalus (4, 74) , there may be other mechanisms that contribute to the development of hydrocephalus. Studies on hyh mice (which develop congenital perinatal aqueduct stenosis) have supported the concept of genetic defects in the cell junction complexes that alter the VZ, resulting in the disassembling and loss of the VZ cells (20, (37) (38) (39) (40) (41) . This phenomenon was first described as ependymal denudation (39) and later designated as VZ disruption (18, 21, 22, 36) . The process of VZ disruption has been found in a series of mutant rodents with hereditary hydrocephalus (75) (76) (77) (78) (79) , in other human cases with fetal onset hydrocephalus (22, 27, 31, 32) , and following intraventricular injections of a thrombin by-product in fetal mice (80) . A good body of evidence indicates that disruption of the VZ arises from a pathway involving alterations of vesicle trafficking, abnormal cell junctions and loss of VZ integrity (81) . In brief, areas of the VZ about to become denuded display disorganized VZ/ECs with an abnormal subcellular location of N-cadherin and connexin 43 (18, 21, 23, 32) . The abnormal subcellular location of N-cadherin in VZ cells close to undergoing disruption suggests that in IVH cases, as in fetal-onset hydrocephalus (18, 21, 27, 32, 45) , a junction pathology of NSCs and ECs occurs at rather early phases of brain development and may be accentuated by hemorrhage.
PH are arrested neuroblasts whose migration has been halted (18, 23, 81) . In humans, the formation of heteropia occurs between 12 and 22 GW (82, 83) . Based on this timing, our observation of heterotopia raises the possibility that processes other than IVH may contribute to these migrational abnormalities or, possibly, VZ itself. Additional studies are required to delineate the relationship and timing of IVH to VZ disruption and its developmental sequelae.
It is possible that specific alterations in the formation of both primary and motile cilia could contribute to VZ disruption, and many congenital ciliopathy models develop ventriculomegaly (33, 64, 84) . In a strain of mice with ciliopathy and hydrocephalus, expression of the forkhead transcription factor FoxJ1 is required for normal differentiation of ECs as well as some AS that function as postnatal NSCs (85) . Likewise, Tissir et al found that impaired development and planar organization of the cell polarity cadherins Celsr2 and Celsr3, which control ciliary beating, leads to abnormal CSF dynamics and hydrocephalus (86) . While the role that cilia and cell polarity may play in VZ disruption has yet to be defined, the fact that in our specimens the alterations were intermittent and mixed with normal VZ/SVZ regions implies that genetic targeting may be quite precise.
Potential Effects of VZ Disruption on CSF Physiology and Neurodevelopment
Ciliary beating of ECs may be responsible, at least in part, for the laminar flow of CSF occurring on the ventricular surface (61, 68, 70, 87, 88) . This is strongly supported by the fact that primary ciliary dyskinesia leads to the development of hydrocephalus (70, (89) (90) (91) . Long ago, Worthington and Cathcart (89, 92) concluded that small areas of ependymal injury and ciliary destruction may affect CSF flow far beyond the region of local damage in humans. We have seen that during the third trimester of gestation VZ disruption leaves large areas of the ventricular walls denuded. It seems likely that these local disturbances may impair CSF flow and contribute to the progressive development of hydrocephalus in IVH. (A, A') . Initially, the disruption involves a few NSC allowing a few NPC to reach the ventricle (B, B', arrow, asterisks). Then the disruption focus grows leaving an area devoid of NSC (C', asterisks) occupied by clusters of NPC that become exposed to the CSF (C, arrows). At a later phase, the area devoid of NSC is occupied by AS (asterisk) that fill the gap and prevent NPC from reaching the ventricle (D, D'). At more advanced Nevertheless, we cannot rule out the possibility that other traditional mechanisms, such as increased CSF pulsatility (93), CSF bulk flow obstruction and absorption, or mass effects of the hemorrhage, are primarily responsible for the ventriculomegaly we have observed.
Loss of radial glia and ECs into the CSF and the formation of heterotopia may also have profound neurodevelopmental consequences. Our findings of cells in the ventricles confirm previous observations in rodents and humans (18, 32) and are supported by Krueger et al (46) who reported the presence of NSC and progenitor cells in the CSF of preterm infants with PHH. Malik et al (94) showed that neurogenesis in the ventricular and SVZs of the human cerebral cortex continues into the third trimester, and that premature birth diminishes this "late" neurogenesis. It is reasonable to assume that IVH during this vulnerable period may have grave consequences yet the full impact of IVH, even that of lower-grades, on neurodevelopment is little known (95) . Taking into account the aforementioned regional variations in the walls of the LVs, the repercussions of the disruption of the VZ could probably be different in less mature areas (DW-LW), which are mainly composed by RG cells and where neurogenesis impairment is found (heterotopy and neural migration), as opposed to within the mature areas (MW) where the VZ is mainly formed by mature ECs (55, 56) . Proliferation of cells in the germinal zone, the GE in particular, is suppressed within 24 hours after hemorrhage (96) . The mechanism of such suppression is not clear, but the rapid effect suggests a direct cell-signaling pathway mediated by diffusible factors from the site of the hematoma. Decreased proliferation of germinal cells in the GE would affect production of GABAergic interneurons for the neocortex, while reduced oligodendrocyte development would have an adverse effect on cerebral myelination (96) . Sarnat (97) presents an interesting view about how AS may respond to ependymal injury, especially during the stretching and tearing that occurs with ventriculomegaly. He concluded that after injury the ependyma "does not regenerate at any age". Our observations are consistent with his observations on cytopathology, particularly his description of discontinuities that become filled with processes of subventricular AS. In hyh mice with congenital hydrocephalus, the missing VZ appears to be replaced by a layer of AS forming a new interface between the CSF and the brain parenchyma (25, 40) . This phenomenon has also been described in human fetuses with hydrocephalus (27, 32, 97) . In hyh mice, the new surface layer of AS shares some phenotypic and functional features with the lost ependyma suggesting that in fetal-onset hydrocephalus the astrocyte assembly at the denuded ventricular walls may function as a CSF-brain barrier (20) . Indirect evidence for local differentiation of these new AS has been provided in the present investigation. It seems reasonable to postulate that in preterm IVH infants the astrocyte patch may prevent NSCs and ECs from falling into the ventricle and reestablish some of the functions of the lost ependyma. Further long-term studies are needed to determine if the GFAPpositive and AQP4-positive cells that we see lining the ventricles are capable of establishing cell-to-cell contacts and acquiring some of the properties of the lost VZ.
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